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One possible  explanat ion f o r  t h i s  discrepancy between 
the  ca lcu la t ions  and the  cross  sec t ion  da ta  is t h a t  
s ince  9 ~ e  is a deformed nucleus the  coherent 
con t r ibu t ion  t o  e l a s t i c  s c a t t e r i n g  from higher-order 
mul t ipoles  may not be neg l ig ib le .  And indeed, the  
con t r ibu t ions  from higher-order mul t ipoles  were found 
t o  be important i n  descr ibing pion s c a t t e r i n g  from 
9 ~ e .  Also, i t  has been shown i n  heavy-ion e l a s t i c  and 
i n e l a s t i c  s c a t t e r i n g  s t u d i e s  t h a t  higher-order 
mul t ipoles  must be included i n  ca lcu la t ions  t o  ob ta in  
an adequate desc r ip t ion  of 9 ~ e  s c a t t e r i n g  from 
spin-zero t a r g e t s .  We a r e  cu r ren t ly  i n v e s t i g a t i n g  
whether con t r ibu t ions  from higher-order mul t ipoles  must 
be included i n  order  t o  obta in  a b e t t e r  desc r ip t ion  of 
t h e  proton e l a s t i c  da ta  presented here. 
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THE OPTICAL MODEL ANALYSIS OF 200 MeV p + 60 ELASTIC SCATTERING 
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The microscopic desc r ip t ion  of a nucleon moving i n  
a nuclear  environment leads  t o  a s i n g l e - p a r t i c l e  
p o t e n t i a l  which is energy- and density-dependent.  A s  
t h e  p a r t i c l e ' s  energy inc reases ,  t he  s i n g l e - p a r t i c l e  
p o t e n t i a l  becomes l e s s  a t t r a c t i v e  i n  the  nuclear  
i n t e r i o r  than near the  nuclear  surface. Thus, the  
s i n g l e - p a r t i c l e  p o t e n t i a l  develops a c h a r a c t e r i s t i c  
depress ion near the  nuclear  surface. We r e f e r  
s p e c i f i c a l l y  t o  the  treatment of the  nucleon-nucleon 
i n t e r a c t i o n  i n  nuclear  mat ter  i n  terms of a 
Brueckner-Hartree-Fock expansion, and i t s  app l i ca t ion  
t o  f i n i t e  nuc le i  v i a  a l o c a l  dens i ty  a p p r ~ x i m a t i o n . ~ ' ~  
The r e s u l t i n g  r e a l  p a r t  of the c e n t r a l  o p t i c a l  
p o t e n t i a l  e x h i b i t s  the  same c h a r a c t e r i s t i c  
energy-dependent f e a t u r e s  as those given i n  t h e  
discuss ion above. 
Phenomenological o p t i c a l  model analyses  of 
e l a s  t i c a l l y  s c a t t e r e d  polar ized protons from 2~ a t  
l abora to ry  bombarding energies  of 122, 160 and 200 MeV 
have shown t h a t  the  r e a l  p a r t  of the  c e n t r a l  p o t e n t i a l  
does indeed e x h i b i t  the  energy-dependent f e a t u r e s  
expected from microscopic considerat ions .  4* I n  Refs. 
4 and 5, the  c e n t r a l  r e a l  p o t e n t i a l  had t o  be modified 
from the  s tandard s i n g l e  Woods-Saxon (SWS) shape i n  
order  t o  ob ta in  an adequate desc r ip t ion  of the  l a r g e  
momentum t r a n s f e r  da ta  (up t o  - 5 fm'l). The 
phenomenological modif icat ion of the  r e a l  c e n t r a l  
p o t e n t i a l  consis ted of adding a short-ranged repu l s ive  
Woods-Saxon term t o  a longer-ranged a t t r a c t i v e  
Woods-Saxon term. The r e s u l t i n g  double Woods-Saxon 
(DWS) parameter izat ion was motivated from microscopic 
t h e ~ r i e s l ' ~  and i s  f l e x i b l e  enough t o  allow f o r  a good 
desc r ip t ion  of the  12c e l a s t i c  s c a t t e r i n g  da ta  a t  a l l  
t h r e e  energies.  The r e a l  c e n t r a l  p o t e n t i a l  t h a t  bes t  
descr ibes  the  200 MeV 1 2 c  e l a s t i c  da ta  was found t o  
have developed a depression, making i t  more a t t r a c t i v e  
near  the  nuclear  su r face  than i n  the  nuclear  i n t e r i o r .  
I n  an e f f o r t  t o  determine i f  t h i s  f e a t u r e  of the  
r e a l  c e n t r a l  o p t i c a l  p o t e n t i a l  is  a general  f e a t u r e  
required t o  descr ibe  proton e l a s t i c  s c a t t e r i n g  from 
o the r  l i g h t  nuc le i  o r  i f  it is unique t o  the  A-12 
system, we have measured t o  l a r g e  momentum t r a n s f e r  
(q - 6 fm-1 o r  eCm - 135') polar ized proton e l a s t i c  
s c a t t e r i n g  from 160 a t  200 MeV, The cross  s e c t i o n  and 
analyzing power d a t a  have been analyzed i n  terms of the  
s tandard SWS o p t i c a l  model a s  wel l  a s  i n  a model 
employing the  DWS parameter izat ion of the  c e n t r a l  r e a l  
po ten t i a l .  The measurements a r e  b r i e f l y  descr ibed and 
t h e  r e s u l t s  of these  analyses  a r e  presented i n  t h i s  
repor t .  
The measurements repor ted here were c a r r i e d  out 
us ing the  QDDM magnetic spectrometer and the  polar ized 
beam from the  Indiana Univers i ty  Cyclotron F a c i l i t y  
(IUCF). The measurements were c a r r i e d  out i n  two 
sepa ra te  run per iods  a t  IUCF. A number of over lap 
po in t s  provided a cons i s t en t  normalization between the  
two run periods. The a c t u a l  beam energy of the  f i r s t  
run was 200.2 MeV, and t h a t  of the  second run was 199.3 
MeV. 
Several  se l f -support ing BeO, Be, and Li2C03 
t a r g e t s  were used, ranging i n  th ickness  from 15 t o  104 
mg/cm2. The measurements a t  each angle were c a r r i e d  
out  us ing the  Be0 t a rge t s .  The Be t a r g e t  was used t o  
measure the  B e  background i n  the  Be0 spectra .  The 
Li2C03 t a r g e t  served a s  a c ross  check of the  Be0 
measurements. 
The experimental se tup,  i .e . ,  magnetic 
spectrometer and assoc ia ted  f o c a l  plane de tec to r  
arrangement, and d e t a i l s  about the  angular  acceptance, 
beam charge i n t e g r a t i o n ,  and measurement of the  
e l e c t r o n i c  dead-time dur ing da ta  a c q u i s i t i o n ,  were 
completely analogous t o  the  200 M e V  12c  experiment and 
a r e  descr ibed i n  d e t a i l  i n  Ref. 4. 
Correct ion f o r  deadtime l o s s e s  (5-10%) and f o r  t h e  
f i n i t e  angular acceptance of the  spectrometer (1-2%) 
were appl ied t o  the  data.  Where s i g n i f i c a n t ,  
background a r i s i n g  from acc iden ta l  coincidences between 
t h e  f o c a l  plane de tec to r  elements was determined from 
t h e  spectrum, by the  average number of counts above and 
below the  e l a s t i c  peak and were subtracted.  
The r e s u l t s  of the  present  experiment a r e  
displayed i n  Figs. 1-3. Numerical values  a r e  a v a i l a b l e  
on request  from IUCF. 
The o p t i c a l  model c a l c u l a t i o n s  presented here  were 
performed using t h e  computer code SNOOPY~. 
The s tandard o p t i c a l  model a n a l y s i s  employs t h e  
following parameter izat ion t o  desc r ibe  the  l o c a l  
nucleon-nucleus p o t e n t i a l  U ( r ) :  
f i ( r )  = {I  + exp [ ( r - r i~l /3) /a i ]}-1  
The c a l c u l a t i o n s  us ing t h i s  parameter izat ion w i l l  be 
l a b e l l e d  as 'SWS+PHEN' throughout t h i s  d iscuss ion.  The 
meaning of t h i s  l a b e l  is a s  follows: t h e  c e n t r a l  r e a l  
and imaginary p o t e n t i a l s  a r e  each parameterized by a 
s i n g l e  Woods-Saxon (SWS) form f a c t o r ,  and t h e  r e a l  and 
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Figure 1. The elastic scattering cross section and Figure 2. The results from the optical model 
analyzing power angular distributions for 200 MeV calculations employing the DWS(-) parameterization from 
polarized protons from 160 are displayed along with the Table 11 are displayed. 
results from optical model calculations employing the 
SWS parameter sets given in Table I. 
imaginary spin-orbit potentials are derivatives of the optical potential, to a nucleon-nucleus spin-orbit 
Woods-Saxon shapes (conventional Thomas form) and whose potential which nay (to very good approximation) be 
magnitudes (Vso,Ws,) and geometrical parameters (rj ,aj ) represented by a modified Thomas form: 
are determined phenomenologically (PHEN) by fitting the + + 
ULS(r) = CLS (l/r) (d/dr) p(r) (Lea) ( 4 )  
data. 
2 
The phenomenological spin-orbit parameterization where the constant CLS = An [vs0 + iws0] is a measure 
will be contrasted to the semi-microscopic spin-orbit of the strength of the spin-orbit interaction, with the 
(MSO) parameterization in which the form factors parameters Vso and Wso adjusted to improve the fit to 
grs0(r) and gwso(r) are replaced by a common, the elastic data. The semi-microscopic form factor gso 
parameter-free form factor gmso(r). It is easy to is then given by 
show8 that a short ranged nucleon-nucleon spin-orbit 
interaction leads, in a microscopic framework of the 
where p(r) represents the point nucleon density of the geometrical spin-orbit parameters and only the 
target nucleus. The nuclear point density p(r) for 160 strengths of the complex spin-orbit interaction are 
that is used in the present calculations has been adjusted. Besides reducing the number of free 
obtained from within the framework of the parameters, this MSO parameterization also eliminates 
single-particle shell model which is cons trained to the unphysical singularity at the origin that plagues 
match the experimental charge density and proton and the Thomas form. 
neutron separation energies. The resulting p(r ) was As discussed earlier, the real part of the central 
found to be well approximated by a sum of two potential is expected to be less attractive in the 
Woods-Saxon forms as follows : nuclear interior than near the nuclear surface. This 
p(r) = 0.190 [l + exp (2.0r-4.9)]-I - characteristic depression in the real part of the 
0.052 [l + exp (3.23r-2.58)]-1 (6) central potential, qualitatively predicted from 
where r is in fm and p(r) is in fm'3. This fixes the microscopic derivations of the optical potential for 
finite nuclei in a local density approximation, 1'3 may 
phenomenologically be represented by a double 
Woods-Saxon (DWS) form, i.e, by substituting for the 
term VRfR(r) in Eq. 1 the expression 
VRfR(r) = VRlfRl(r) + vR2[fR2(r)I2 (7)  
where the potential forms f (r) are again given by 
Eq. 2. Note that the imaginary central potential 
remains unchanged (of SWS form). This shape 
modification introduces three new parameters. 
Calculations using this double Woods-Saxon form were 
DWS (+) + PHEN - performed and will be denoted by "DWS". 
- 
- - - -  DWS (+I+ MSO 3 Four potential options were investigated in detail 
to explore separately the sensitivities of the fits to 
I - 
modifications of the real central and the spin-orbit 
potentials. The first option (SWS+PHEN) is the 
standard SWS parameterization with a phenomenological 
16~: spin-orbit. For the second option (SWSSMSO) the 
semi-microscopic form factor has been used for the 
lo5 I i o  40 Qo ' sb ' I& ' I;O ' I ~ O  
spin-orbit terms. In the third and fourth 
O,.,. (DEG.) 
parameterizations, a DWS shape was taken for the real 
central potential, along with the PHEN or MSO 
Figure 3. The results from the optical model 
calculations employing the DWS(+) parameterization from spin-orbit parameterization. We shall label these last 
Table 111 are displayed. 
two o p t i c a l  model p o t e n t i a l  parameter iza t ions  a s  d a t a  better than t h e  SWSMSO parameter s e t .  The c ross  
(DWS+PHEN) and (DWSMSO), r e spec t ive ly .  s e c t i o n  c a l c u l a t i o n  us ing the  SWSSMSO parameter s e t  
The SWS o p t i c a l  p o t e n t i a l  parameters obta ined f o r  does not adequate ly  reproduce the  magnitude and period 
200 MeV p + 12c e l a s t i c  ~ c a t t e r i n ~ ~ , ~  and f o r  135 MeV p  of o s c i l l a t i o n  of the  forward-angle (ecm < 80") data .  
+ 160 e l a s t i c  s c a t t e r i n g l o  were used a s  s t a r t i n g  However, f o r  angles  g r e a t e r  than ecm > 80°, t he  SWSSMSO 
parameters. A f t e r  i t e r a t i v e  searches  on a l l  f r e e  model y i e l d s  an enhanced c ross  s e c t i o n  which is i n  
parameters,  t hese  two s t a r t i n g  parameter s e t s  converged b e t t e r  agreement wi th  the  d a t a  than the  SWS+PHEN 
t o  e s s e n t i a l l y  the  same ' b e s t - f i t '  parameter set t h a t  ca l cu la t ion .  I n  t h e  sense  t h a t  t h e  forward-angle da ta  
i s  given i n  Table I and the  corresponding f i t  t o  the  a r e  p r imar i ly  s e n s i t i v e  t o  the  t a i l  region of the  
e l a s t i c  d a t a  is  shown a s  a  s o l i d  curve i n  Fig. 1. From o p t i c a l  p o t e n t i a l ,  whereas the  far-back-angle d a t a  a r e  
Fig. 1, one can see  t h a t  t he  SWS+PHEN o p t i c a l  p o t e n t i a l  more s e n s i t i v e  t o  the  i n t e r i o r  of t he  p o t e n t i a l ,  t h i s  
y i e l d s  c ross  s e c t i o n  and analyzing power angular  a n a l y s i s  impl ies  t h a t  t he  d a t a  p r e f e r  t he  i n t e r i o r  of 
d i s t r i b u t i o n s  which have the  same general  o s c i l l a t o r y  the  SWSSMSO o p t i c a l  p o t e n t i a l  and the  t a i l  region of 
s t r u c t u r e  a s  the  da ta ,  even out t o  the  l a r g e s t  angles  the  SWS+PHEN o p t i c a l  p o t e n t i a l .  
Next, t h e  WS modif ica t ion (see  Eq. 7) t o  t h e  r e a l  
Table I 
p a r t  of t he  c e n t r a l  o p t i c a l  model was t r i e d .  This DWS 
Parameters 
" ~ 1  
rR1 
aR1 
W 
r w 
aw 
vso 
rvso 
avs  0 
wso 
llwso 
ayso 
XY 
'2 
srOT 
SWS + PHEN 
--- 
-9.44 
1.41 
0.60 
-18.72 
1.03 
0.678 
-3.767 
.88 
0.625 
2.66 
0.942 
0.490 
6811 
11 940 
393.3 
256.6 
SWS + MSO 
--- 
-8.06 
1.43 
0.584 
-17.50 
1.00 
0.683 
-11.02 
- 
- 
10.23 
- 
- 
15920 
10530 
341.0 
239.3 
Units 
MeV 
f  m 
fm 
Me V 
f  m 
fm 
Me V 
fm 
fm 
MeV 
fm 
f  m 
mb 
mb 
parameter iza t ion in t roduces  th ree  new parameters (VR2, 
r ~ 2 ,  aR2) i n t o  the  ana lys i s .  It was discovered t h a t  
two d i f f e r e n t  DWS rep resen ta t ions  of t he  o p t i c a l  
p o t e n t i a l  lead t o  a  much b e t t e r  d e s c r i p t i o n  of the  
e l a s  t i c  da t a  than does the  SWS rep resen ta t ion .  
I n  one DWS rep resen ta t ion  of t h e  r e a l  c e n t r a l  
p o t e n t i a l  t h e r e  is an enhanced a t t r a c t i o n  (a hole)  i n  
t h e  p o t e n t i a l  i n s i d e  of 1  fm. We have denoted t h i s  DWS 
rep resen ta t ion  a s  DWS(-) and i ts  parameter s e t s ,  
ca l cu la t ed  observables ,  and p o t e n t i a l s  a r e  given i n  
measured. The SWS+PHEN p o t e n t i a l  a l s o  provides a  Table 11, Fig. 2  and Fig. 5  r e spec t ive ly .  Note t h a t  
reasonable  q u a n t i t a t i v e  d e s c r i p t i o n  of the  d a t a  forward DWS(-) r e a l  c e n t r a l  p o t e n t i a l  does not have the  
of eCm - 80". Beyond t h i s  angle ,  however, t h e  c h a r a c t e r i s t i c  a t t r a c t i v e  pocket t h a t  was found i n  t h e  
ca l cu la t ed  analyzing power is too l a r g e  and t h i s  200 MeV p  + 12c e l a s t i c  s c a t t e r i n g  ana lys i s4s5  and 
p o t e n t i a l  does not provide enough f l u x  i n  the  predic ted  by microscopic theo r i e s .  1'3 
back-angle d i r e c t i o n  (i.e. t he  ca l cu la t ed  c ross  s e c t i o n  In  the  o t h e r  DWS rep resen ta t ion  not only does the  
is too small) .  r e a l  c e n t r a l  p o t e n t i a l  have an a t t r a c t i v e  pocket near  
Somewhat s u r p r i s i n g l y ,  i n  c o n t r a s t  t o  the  p  + I*c t he  nuclear  su r face ,  but i t  a l s o  has a  s i z e a b l e  
case ,  we found (see  Fig. 1) t h a t  t he  SWS+PHEN repu l s ive  core  (a sp ike )  i n  the  nuclear  i n t e r i o r .  
parameter s e t  desc r ibes  the  p  + 160 e l a s t i c  s c a t t e r i n g  Here, we have l abe led  t h i s  DWS rep resen ta t ion  a s  DWS(+) 
4 - 
- 
2 4 6  
! I r(frn) 
1 
- 1 
I 
-12 - ,' 
- ,/I SWS + MSO 
-I6 -,," 
- 
-20 - 
- (b) 
-24 - 
Figure 4. The SWS central real and imaginary Figure 5. The SWS central real and imaginary 
potentials are plotted as a function of the separation potentials are plotted as a function of the separation 
distance for the phenomenological and microscopic distance for the phenomenological and microscopic 
spin-orbit parameterizations. spin-orbit parameterizations. 
and its parameter sets, calculated observables, and flux at large angles and is in better agreement with the 
potentials are shown in Table 111, Fig. 3, and Fig. 6 data than is the DWS(+) optical potential. From 
respectively. The (+) and (-) signs obviously Figs. 2 and 3 one also sees, in comparing the analyzing 
refer to the repulsive and attractive real central power calculations, the forwardangle Ay data are 
cores. more accurately reproduced by the DWS(-) potential set 
In comparing the cross sections calculated with while at back angles both potentials fit the data about 
the DWS(+) and DWS(-) optical potentials, one sees from equally well. 
Figs. 2 and 3 that both potentials adequately reproduce There exist at least two different potentials 
the data forward of gem - 90°. For angles greater than which employ the DWS parameterization for the real 
9, - 90°, the DWS(-) potential provides more particle central optical potential, both leading to a much 
Table I1 Table I11 
Parameters DWS(-)+PHEN DWS(-)+ mO Units Parameters DWS ( +)+PHEN DWS(+)+MSO Units 
MeV 
f m 
fm 
MeV 
fm 
f m 
MeV 
f m 
f m 
MeV 
fm 
fm 
MeV 
fm 
fm 
mb 
mb 
MeV 
f m 
fm 
MeV 
f m 
fm 
MeV 
fm 
f m 
MeV 
f m 
f m 
MeV 
f m 
fm 
mb 
mb 
phenomenological parameterization for both the DWS(+) 
and DWS(-) central potentials. The eleven parameters 
were then varied and the resulting calculations and 
central potentials for DWS(-) + MSO and DWS(+) + MSO are 
shown in Figs. 2 and 3 and Figs. 5 and 6, respectively. 
The conclusion from the D!S + MSO optical 
potential analysis is the same as that from the SWS + 
MSO analysis. In comparing these calculations with 
their phenomenological counterparts one see that the 
MSO parametrization does not describe the forward angle 
data as well as the PHEN parameterization, but there are 
four fewer free parameters. At the larger angles, the 
MSO parameterization does not make much difference in 
the cross section calculations. For the analyzing 
power calculations, the MSO parameterization makes some 
difference in the backward hemisphere, providing better 
Figure 6. The SWS central real and imaginary 
potentials are plotted as a function of the separation 
distance for the phenomenological and microscopic 
spin-orbit parameterizations. 
better description of the elastic data than the SWS 
parameterization. Both DWS potentials give more 
particle flux at back angles than the SWS potential. 
One can readily understand, from a classical point of 
view, why the DWS potentials give more particle flux at 
back angles by considering a detector placed at some 
angle in the backward hemisphere. A particle can be 
scattered into the detector from one side of the 
nucleus by a large repulsive potential, or from the 
other side of the nucleus by a large attractive 
potential causing the particle to orbit around the 
nucleus. It is not possible from the present analysis 
to determine which one of these is the dominant 
scattering mechanism. 
In the final analysis of the elastic scattering 
data, the semi-microscopic parameterization of the 
spin-orbit potential was used in place of the 
agreement with the data at some angles and worse 
agreement at other angles. 
We are currently investigating whether the 
inelastic data will prefer one DWS representation over 
the other by using both DWS optical potentials to 
generate distorted waves in the analysis of the p + 160 
inelastic scattering data. Our results for 160 also 
raise the question of whether a similar ambiguity exists 
in the DWS parameterization of the optical potential 
for the 12c proton elastic scattering data in Refs. 4 
and 5. 
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THE 2~ (p, p l ) 2~ REACTION AT MEDIUM ENERGIES : LARGE MOMENTUM TRANSFER AND DENSITY DEPENDENT FORCES 
M. Hugi, W. ~auhoff*, and H.O. Meyer 
Indiana University Cyclotron Facility, Bloomington, Indiana 47405, USA 
In recent years efforts have been made to deduce a 
self-consistent, density-dependent, effective 
nucleon-nucleon (NN) interaction in the nuclear 
mediume1 The success of this program became evident 
when it was possible to correctly predict the 
qualitative shape and energy dependence of the optical 
potential describing medium energy elastic 
~catterin~~'~ and when it was shown that the use of a 
density dependent interaction improves the description 
of the transition between nuclear states in proton 
inelastic scattering. 
We have measured proton inelastic scattering from 
12c to the first excited 2+ state in 12c(~,=4.44 MeV). 
Except for the measurements at forward angles at 122 
and 200 Mev79 8, the data are a by-product of an 
investigation of proton elastic scattering from I*c. 3-5 
They constitute the most complete set of measurements 
on an inelastic proton scattering transition available 
at medium energy at present. The experiment was 
performed at incident lab energies of 121.9, 159.6, 
and 200.0 MeV using a magnetic spectrometer (QDDM). 
Both riatural and enriched self -supporting 2~ targets 
were employed, ranging in thickness from 2 mg/cm2 to 
132 mg/cm2. The angular range covered was from 6' to 
154' in the laboratory which, e.g., at 160 MeV 
corresponds to a range of transferred momentum q of 50 
to 1000 MeV/c. 
Three ingredients enter calculations of (p,pl) in 
the distorted-wave t-matrix approximation (DWTA): the 
optical potential for generating the distorted waves, 
the wavefunction (or the transition density) for the 
excited state and the effective interaction between 
projectile and target nucleons. 
In order to study the influence of the potential 
generating the distorted waves on the inelastic 
scattering results, we have compared calculations using 
a standard Woods-Saxon potential with the results 
obtained if a non-standard shape is assumed. Here, two 
modifications to the conventional Woods-Saxon form have 
been introduced: The real central potential is given 
as a sum of two Woods-Saxon terms yielding a depression 
in the center, as predicted by microscopic theories. 
Secondly, the spin-orbit potential (both real and 
imaginary parts) involves the derivative of the 
ground-state density distribution (obtained, e.g., from 
elastic electron scattering) instead of the 
conventional derivative of a Woods-Saxon form factor. 
The parameters for both these types of optical 
potentials are given in Ref. 5. 
Since we also wanted to test the sensitivity of 
the results of our calculations to the transition 
form factor we have compared two different wave 
functions which are both commonly accepted. These are, 
on one hand, the shell-model wave function calculated 
